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Can we observe the σ meson in peripheral heavy ion collisions?
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We discuss the possible production of the σ meson and detection of its two photon decay mode in
peripheral heavy ion collisions at RHIC. Assuming the mass and total decay width values reported
recently by the E791 Collaboration, we verify that the σ meson can be observed in the subprocess
γγ → γγ if its partial decay width into photons is of the order of a few keV.
The possible existence of a light scalar sigma (σ) me-
son has been a controversial subject for roughly forty
years [1]. In the strong interaction phenomena the σ
meson plays a role analogous to the Higgs particle in
the Weinberg-Salam theory. It is expected that when
the chiral symmetry of the strong force between quarks
is broken by the nonperturbative vacuum, generating a
massless pseudoscalar meson (the pion), a massive scalar
meson (the σ) is also generated [2]. The sigma meson
is fundamental for effective theories describing the nu-
clear force, where it is responsible for a attractive part
of the nuclear potential [3]. Although its experimental
confirmation would be quite important, its existence has
remained inconclusive for a long time making it disappear
from the review of particle physics and reappearing only
recently [1,4]. There are two difficulties for its discovery:
the extraction of the scalar properties from experiment
and the lack of knowledge about its underlying quark
substructure. Because the J = 0 channel may contain
strong competing contributions, such resonance may not
necessarily dominate its amplitudes and could be hard to
“observe”. In such an instance its verification would be
linked to the model used to its description.
One of the most compelling evidences for the σ meson
was reported recently by the E791 Collaboration, result-
ing from the observation of the D+ → pi−pi+pi+ decay
[5]. The Dalitz-plot of this decay can hardly be fitted
without a 0++ (σ) resonance, whose mass and total de-
cay width are 478+24
−23 ± 17 MeV and 324+42−40 ± 21 MeV,
respectively. The σ meson appears as an intermediate
state decaying into two pions, which is the same final
state questioned over many years as a possible (or not)
signal for this broad resonance.
The σ meson can also decay into two photons, although
this decay is orders of magnitude smaller than the pipi de-
cay mode it has the advantage that the final state is not
strongly interacting. Therefore, the observation of the
decay σ → γγ would be a cleaner way to establish its
existence. This decay is also important to unravel any
possible amount of mixing of quarks or gluons in this
resonance [6]. The ideal observation of this resonance
would be through the process γγ → σ → γγ, where
the production and decay modes are free of any problem
caused by the strong interaction of the initial or final
states which may hide its properties. Our work will fo-
cus exactly on the possibility of observing this meson in
peripheral heavy ion collisions through the subprocess
γγ → γγ.
In the Relativistic Heavy-Ion Collider (RHIC), operat-
ing at the Brookhaven Laboratory, there is a program for
very peripheral heavy ion collisions, where each charge Z
accelerated ion has a strong photon field around it that
may originate electromagnetic interactions, and where
the ions remain intact after these interactions. The
huge luminosity of photons in these collisions open the
possibilities of studying two-photon physics as discussed
by several authors [7], and, in particular, the process
γγ → γγ could indeed be measured [8].
We compute the γγ → γγ subprocess, for the Au ion
at RHIC energies,
√
s = 200 GeV/nucleon. The pho-
ton distribution in the nucleus can be described using
the equivalent-photon or Weizsa¨cker-Williams approxi-
mation in the impact parameter space. We use the
photon distribution obtained by Cahn and Jackson [9],
wich takes into account the condition for realistic periph-
eral collisions (for details see Ref. [10]). The subprocess
γγ → γγ up to energies of a few GeV is dominated by the
continuous fermion box diagram, and is a background for
the resonant γγ → σ → γγ process. It was first calcu-
lated exactly by Karplus and Neuman [11] and De Tollis
[12]. There are sixteen helicity amplitudes for the process
and, due to symmetry properties, the number of inde-
pendent amplitudes will be only five, that may be chosen
to be M++++, M++−−, M+−+−, M+−−+ and M+++−.
Where the + or − denotes the circular polarization val-
ues +1 and −1. The remaining helicity amplitudes may
be obtained from parity and permutation symmetry. Of
these five helicity amplitudes, three are related by cross-
ing, hence it is sufficient to give just three, which are
presented in detail in Ref. [10].
The electron gives the major contribution to the con-
tinuous γγ → γγ subprocess. The muon and u contri-
butions are smaller roughly by one order of magnitude,
and the d and s quark contributions are even smaller.
The process is proportional to (q2f )
4 where qf is their
charge, and this is the main reason for the suppression
of the quarks contribution [10]. Contribution from pion
loops, heavy quarks or leptons, and charged weak bosons
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are negligible up to O(2 GeV). The main background for
this reaction could come from the processes: a) Double-
Pomeron exchange, this process was computed and af-
ter extracting the contribution of central collisions (see
Ref. [13] for details of the procedure) they are shown to
be negligible, in agreement with the conclusions of our
work about the importance of double Pomeron contri-
butions to ultra peripheral heavy ion collisions [13], b)
Double bremsstrahlung (which dominates the region of
| cos θ| ≈ 1, where θ is the scattering angle in the two
photon center-of-mass system). This background is elim-
inated with cuts in the scattering angle, and in all calcu-
lations we will consider the maximum value | cos θ| = 0.5.
This cut is also consistent with all the requirements pro-
posed by Nystrand and Klein [14] to eliminate back-
ground, and retains only the back-to-back photons in the
central region of rapidity. However, a full simulation of
bremsstrahlung contributions should be performed to es-
timate the effectiveness of this cut. Note that the angular
cut diminishes the contribution of the continuous process
(peaked at large angles) in comparison with the isotropic
photon distribution produced by a scalar resonance. As
discussed in Ref. [8], the γγ scattering can indeed be mea-
sured in peripheral heavy ion collisions. Just to give one
idea of the number of events, with a luminosity of 2.0
×1026 cm−2s−1 [14] and integrating in a bin of energy
700 ± 100 MeV (which is free of any strong resonance
decaying into two-photons), we have 1532 events/year
assuming 100% efficiency in the tagging of the ions and
photon detection [10].
Another possible background is the continuous or res-
onant (σ) production of a pair of neutral pions where
both are misidentified with photons. This accidental
background can be easily isolated measuring its invari-
ant mass distribution, and making a cut that discrimi-
nates a single photon from one pion that subsequently
decays into two photons. For example, in the case of the
sigma meson each one of the neutral pions from its much
large hadronic decay should be misidentified. These pi-
ons would produce pairs of photons with a large opening
angle φ, where cos (φ/2) =
√
1− 4m2pi/m2σ. However, the
calorimeters already in use in many experiments are able
to distinguish between these two and single photon events
with high efficiency (see, for instance, Ref. [16]). The de-
tectors at RHIC are prepared to detect photons of O(1)
GeV, because these are also a signal for the quark-gluon
plasma formed in central collisions.
The contribution from γ−Pomeron→ V → γγX may
also produce another accidental background. The vector
mesons, V, are produced with a pT distribution similar
to the σ and at higher rates than γγ → scalar/tensor,
e.g. γ−Pomeron→ ω rate is 10 Hz at RHIC [15], three
orders of magnitude higher than for a similar mass meson
of spin 0 or 2. The ω branching ratio to three photons
is 8.5%. If a small pT photon from this decay is unde-
tected, one is left with a low pT two-photon final state
with M < 780 MeV that could be taken for a σ can-
didate. This background is likely to be much greater
than the proposed signal. Furthermore, the σ is very
wide, making background subtraction difficult. At higher
masses, one also has φ→ ηγ, pi0γ, KLKS → γX as well
as γγ → f2(1270)→ pi0pi0 and possibly copious produc-
tion of ρ(1450) and ρ(1700) by γ−Pomeron interactions.
Clearly a full simulation of all these background processes
should be kept in mind when measuring two-photon final
states.
Photon pair production via the box diagram is a back-
ground to γγ → σ → γγ process (or vice versa), both
have the same initial and final states, and for this reason
they can interfere one in another. Normally the interfer-
ence between a resonance (R) and a continuum process
is unimportant, because on resonance the two are out of
phase. Assuming a Breit-Wigner profile the total cross
section for the elementary subprocess γγ → R→ γγ is
dσγγZZ
dM
= 16pi
dL
dM
Γ2(R→ γγ)
(M2 −m2R)2 +m2RΓ2total
, (1)
where L is the photon luminosity, M is the energy of
the photons created by the collision of the ions. Γ(R →
γγ)(≡ Γγγ) and Γtotal are the partial and total decay
width of the resonance with mass mR in its rest frame.
The results for the box diagram and the σ production
in the Breit-Wigner approximation are shown in Fig.(1).
We used the value Γγγ = 4.7 keV determined by Pen-
nington and Boglione [17]. This value is in the middle
of various determinations (for other values see Ref. [10]).
The σ mass and total decay width correspond to the cen-
tral values of Ref. [5]. The use of a constant total width
in the σ resonance shape is not always a good approx-
imation [18]. We discuss the γγ → γγ process above
the two pions threshold where the peculiarities of the
broad resonance, basically due to the σ decay into pi-
ons, are not so important. However, we also computed
the cross section with a energy dependent total width
Γ(M) ≃ Γ0 (p∗/p∗0)2J+1, where p∗ = p∗(M) is the mo-
mentum of decay particles at mass M , measured in the
resonance rest frame, p∗0 = p
∗(mR), which, as shown by
Jackson many years ago [19], is more appropriate for a
quite broad resonance. The net effect is a slight distor-
tion of the cross section shape with a small increase of
the total cross section, and we shall not consider it again.
Off resonance we can expect a negligible contribution
for the process γγ → R→ γγ and consequently the same
for its interference with the continuum process. This is
true if the resonance has a small total decay width [10],
but this is not the σ case. To take into account the in-
terference we must make use of a model to calculate the
helicity amplitudes of the σ meson exchange. Using the
effective lagrangian gsF
µνFµνΦs, where gs is the cou-
pling of the photons to the scalar field Φs and F
µν is
the electromagnetic field tensor the following amplitudes
comes out [10,20]:
M++++ = −2pi
α2
F (λrt),
2
M+−+− = −2pi
α2
F (λtt),
M+−−+ = −2pi
α2
F (λst),
M+++− = 0,
M++−− = −2pi
α2
{F (λst) + F (λtt) + F (λrt)}. (2)
where α is the fine-structure constant, λ = (mf/mR)
2,
and
F (x) = 16x2
Γγγ
mR
(
4x− 1 + iΓtotal
mR
)
−1
, (3)
and rt, st and tt are related with the standard Mandel-
stam variables s, t, and u by rt =
1
4
s
m2
f
, st =
1
4
t
m2
f
and
tt =
1
4
u
m2
f
.
These amplitudes and the ones describing the
fermion (with mass mf ) box diagram enter in the
expression for the differential cross section of pho-
ton pair production from photon fusion dσ/d cos θ =
(1/2pi)(α4/s)(
∑
f q
2
f )
4
∑ |M |2, to give the total cross sec-
tion of Fig.(1). We verified that the interference is de-
structive. The continuum process (PP → γγ) is also
shown in Fig.(1). The diffractive resonant event is even
smaller and is not shown in this figure.
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FIG. 1. Invariant mass distribution of photon pair produc-
tion. The solid curve is due to box diagram only, the dashed
one is due to the process γγ → σ → γγ in the Breit-Wigner
approximation, the dash-dotted is the scalar contribution of
Eq.(2), and the dotted one is the continuum Pomeron process
PP → γγ. We assumed Γγγ = 4.7 keV, and the angular cut
is equal to −0.5 < cos θ < 0.5 .
The effective Lagrangian model used to compute the σ
contribution to the photon pair production gives a larger
cross section than the calculation with the Breit-Wigner
approximation at energies above M ≈ 600 MeV. It is
dominated by the s channel contribution. We consider
the Breit-Wigner result as the best signal representation
for the resonant process because we are using the E791
data and this one was fitted by a Breit-Wigner profile.
The effective Lagrangian gives a nonunitary amplitude
that overestimates the sigma production above 600 MeV
and shows the model dependence in the σ analysis that
we commented before. The Breit-Wigner profile is not
a bad approximation as long as we stay above the two
pions threshold and in the following we assume that the
signal is giving by it (the dashed curve of Fig.(1)) and
the background is giving by the box diagram result (the
solid curve of Fig.(1)). Note that, due to the destructive
interference, the actual measurement will give a curve
below the solid curve of Fig.(1).
From the experimental point of view we would say that
the reaction γγ → γγ has to be observed and any de-
viation from the continuum process must be carefully
modeled until a final understanding comes out, with the
advantage that the final state is not strongly interacting.
Note that in this modeling the η meson will contribute
to γγ → γγ in a small region of momentum [10], even so
it has to be subtracted in order to extract the complete
σ signal.
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FIG. 2. Significance as a function of decay width into
two photons, Γγγ , for a sigma meson with mass equal to
478 MeV and total decay width of 324 MeV. The solid
curve was obtained integrating the cross sections in the in-
terval 438 < M < 519 MeV, the dashed one in the interval
300 < M < 800 MeV. The signal and background are giving
by the dashed (Breit-Wigner) and solid (box diagram) curves
of Fig.(1) respectively.
We changed the values of the σ mass and total width
around the central ones reported by the E791 Collabo-
ration. We do not observed large variations in our re-
sult, but noticed that it is quite sensitive to variations
of the partial decay width into photons. It is interesting
to look at the values of the significance which is written
as Lσsignal/
√Lσback and characterizes the statistical de-
viation of the number of the observed events from the
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predicted background. The significance as a function of
the two photons decay width of the sigma meson, with
mass equal to 478 MeV and total decay width of 324
MeV, is shown in Fig.(2), were we used a luminosity of
L = 2.0× 1026 cm−2s−1 at RHIC and assumed one year
of operation. The significance is above 2σ 95% confidence
level limit for two photon decay width greater than 4.7
keV, while for a 5σ discovery criteria can be obtained
with Γγγ > 7.5 keV. The numbers in Fig.(2) were com-
puted with the signal given by the Breit-Wigner profile,
and the background by the pure box diagram. The solid
curve was obtained integrating the cross sections in the
range of experimental mass uncertainty 438 < M < 519
MeV, while the dashed curve resulted from the integra-
tion in the interval 300 < M < 800 MeV. Note that
there is no reason, a priori, to restrict the measurement
to a small bin of energy. This choice will depend heav-
ily on the experimental conditions. Therefore, for values
of Γγγ already quoted in the literature the sigma meson
has a chance to be seen in its two photon decay mode.
The discovery limits discussed above refer only to a sta-
tistical evaluation. Our work shows the importance of
the complete simulation of the signal and background in-
cluding an analysis of possible systematic errors that may
decrease the significance.
In summary, we discussed the possibility of observing
the subprocess γγ → γγ in peripheral heavy ion colli-
sions at RHIC. This process is important per se, but it
is more interesting because it can be intermediated by a
scalar (σ) resonance. The main advantage of this process
is that the initial and final states are not strongly inter-
acting, providing a much cleaner signal than the usually
studied two pion decay of the σ meson. We computed
the resonant process, the continuum one and discussed
other possible background. The resonant was determined
within the Breit-Wigner approximation and with an ef-
fective Lagrangian describing the σ interaction with pho-
tons. We determined a cut that leaves the cross sections
apart by one order of magnitude when using a partial
decay width of the sigma (Γγγ) into two photons of 4.7
keV. Larger and smaller values for Γγγ can be found in
the literature. The significance for the σ discovery in this
reaction was determined and the observation is possible
with one year of data acquisition. It is important to per-
form a complete simulation of the signal and background
including an analysis of possible systematic errors that
may occur at the RHIC detectors.
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